Abstract Long-distance dispersal (LDD) of plant seeds by wind is affected by functional traits of the species, specifically seed terminal velocity and height of seed release above the vegetation cover (HAC), as well as by the meteorological parameters wind speed and vertical turbulence. The relative importance of these parameters is still under debate and the importance of their variability in vegetation types, sites and years has only rarely been quantified. To address these topics, we performed simulation studies for different vegetation types, sites, years and plant species with PAPPUS, a process based trajectory model. We found that LDD (measured in terms of migration rates) was higher in forests compared to open landscapes. Forests also showed greater between-year variability in LDD. Terminal velocity had an effect on LDD in both vegetation types, while the effect of HAC was significant only in the open landscape. We found considerable differences in how vertical turbulence and wind speed affect LDD between species and vegetation types: In the open landscape the strength of the positive relationship between vertical turbulence and LDD generally decreases with terminal velocity, whereas it increases in forests. The strength of the predominantly positive effect of wind speed on LDD increases with terminal velocity in both vegetation types, while in forests we found even negative relationships for species with low terminal velocity. Our results generally suggest that the effects of vertical turbulence and wind speed on LDD by wind diverge for species with different functional traits as well as in different vegetation types.
Introduction
Seed dispersal and plant migration strongly affect plant diversity (Pitelka et al. 1997; Parmesan and Yohe 2003; Normand et al. 2011) . The rate of future climate change is that high, that the spread rates of most plant species seem to be much lower than is required in order to keep pace with the climate induced range shifts (Neilson et al. 2005; Cunze et al. 2013) . Primarily, seed dispersal affects plant spread in space and time (Clark et al. 1998; Cain et al. 2000; Higgins et al. 2003) . Long-distance dispersal (LDD) of seeds is often driven by extreme events, like rare meteorological weather conditions, large migratory animals or transport by humans . LDD of seeds shapes many important and fundamental processes in plant ecology and evolution. Altogether gene flow between populations, local adaptation, spatial dynamics of plant species, communities and ecosystems are affected by LDD (e.g. Kawecki and Ebert 2004; Nathan et al. 2008; Ö ster et al. 2009; Latzel et al. 2011) .
Regarding LDD by wind, weather conditions like convective updrafts or storms seem to play an important role. Currently the role of meteorological conditions promoting LDD is under debate: convective updrafts (Tackenberg et al. 2003b ) and horizontal wind speed (Jongejans and Schippers 1999; Nathan et al. 1999 Nathan et al. , 2002 were both proposed to play an important role. Unfortunately, previous studies focus on one or few species only, address either open landscapes or forests, refer to different time periods and use different simulation models. Consequently it remains unclear whether the observed and partly opposing results originate from differences between studied vegetation types, plant species, meteorological conditions or the used simulation models.
To gain general insights when addressing LDD by wind, it seems important to consider a broad range of different meteorological conditions, because of the rarity and stochasticity of conditions promoting LDD (Nathan 2006) . As LDD data are difficult to acquire, the effect of the variability between vegetation types, sites and years on LDD by wind was yet only analysed in few studies. As one of the first, Houle (1998) studied temporal variation in spatial patterns of dispersed seeds empirically and found significant variation between years. Nathan et al. (2000) additionally addressed the effect of distance on LDD and found highest variation in dispersal patterns far away from the seed source.
The meteorological conditions that affect LDD by wind are not only related to the macroclimate but also depend on the structure of the vegetation type, topography and landscape texture. For example, LDD is thought to increase with landscape openness . Attempts to quantify differences in LDD between vegetation types have rarely been made (e.g. Fort and Richards 1998; Tackenberg and Sto¨cklin 2008) .
The timing of seed abscission is a further plant-controlled trait having a great impact on LDD by wind (Greene 2005; Schippers and Jongejans 2005; Greene and Quesada 2011) . Seeds of many plant species are only released when the wind speed exceeds a certain release wind speed threshold, which actually leads to larger dispersal distances.
Empirical studies often use seed traps and thus regularly fail to quantify LDD (Greene and Calogeropoulos 2002) . Process based trajectory models have the potential to overcome this limitation (Nathan et al. 2011) . Especially for LDD by wind, process based models provide good estimates of how far seeds are expected to disperse (Nathan et al. 2002; Tackenberg 2003; Soons et al. 2004; Horn et al. 2012 ) and therefore supply the most accurate results of plant spread (Kuparinen 2006) . In these models, seed terminal velocity during the fall (VTERM) and the height of seed release above the vegetation cover (HAC) are often considered as vital plant traits for LDD by wind (Nathan et al. 2002; Tackenberg 2003) . Although the dispersed unit may also be a fruit or another morphological unit, we will use the term 'seed' in this study for reasons of simplification. Dispersal within the canopy seems less important and is therefore often ignored when focusing on LDD (Nathan et al. 2002) . Accordingly, plant individuals dispersing their seeds above the vegetation canopy are regarded as ''hot spots'' of LDD by wind (Horn et al. 2001; Bohrer et al. 2008) .
In this study we use a simulation approach in order to disentangle the effects of the plant traits VTERM and HAC, the meteorological parameters vertical turbulence and wind speed, between-year variability, and structure of the vegetation type (open landscape vs. forest) on LDD by wind. Specifically, we explore the following questions: (1) Does LDD differ between vegetation types? (2) Does the effect of VTERM and HAC on LDD differ between vegetation types? (3) Does LDD differ between years? (4) How do the effects of vertical turbulence, wind speed, vegetation type, VTERM and HAC interact?
Methods

Modelling wind dispersal using PAPPUS
We used PAPPUS, a mechanistic wind dispersal model which simulates trajectories of individual seeds (for a detailed description see Tackenberg 2003 ). Trajectory models simulate particle trajectories so that temporary airflows (like e.g. vertical turbulence) directly affect the dispersing particle during its flight. Trajectory models provide an important increase in realism and are preferable for modelling wind dispersal over short and long distances (Kuparinen 2006) . PAPPUS was validated (following Rykiel 1996) by comparing dispersal distance spectra generated by simulations with empirically observed distance spectra from release experiments in different landscapes and under various weather conditions (Tackenberg 2003) . The empirically observed spectra matched reasonably well with the modelled dispersal distance spectra, especially under weather conditions with convective turbulence.
As most trajectory models, PAPPUS uses two species-specific traits to characterize plant species, namely HAC and VTERM. In the simulations, the flight of a seed is subdivided into time periods of 0.1 s, and its movement is calculated separately for each period as the sum of VTERM and the wind vector (horizontal wind speed = WIND, direction and vertical wind speed). The decrease of wind speed with declining height above ground is taken into account by a logarithmic vertical wind profile, which is regulated by the roughness of the vegetation cover (e.g. McCartney 1990). The simulation stops once the seed falls below the closed vegetation canopy. In consequence, LDD occurs only while seeds are above the vegetation canopy (as also argued by Nathan et al. 2002) .
The course of the wind vector during the flight of a seed is permanently changing due to vertical and horizontal turbulence (Mazzoni 1996) . PAPPUS incorporates turbulence by deriving the course of the wind vector from high-frequency measurements of the wind vector during the period the simulations refer to. This empirical component allows realistic consideration of convective updrafts, which have been proved to be an important determinant of LDD by wind in empirical studies (Tackenberg 2003) as well as in simulation studies (Tackenberg et al. 2003b) .
The simulations performed with PAPPUS result in single dispersal events which constitute discrete frequencies of dispersal distances (i.e. the dispersal kernel) when repeating simulations.
Species traits
The effect of VTERM and HAC on LDD was studied on 18 model species that were characterised by unique combinations of both traits. These trait combinations cover a wide range of relevant values, specifically VTERM of 0.1, 0.2, 0.4, 0.8, 1.6 and 3.2 m s À1 and HAC of 0.1, 0.4 and 1.6 m, so that results can easily be transferred to a wide range of 'real' plant species (see discussion for respective examples). In order to ensure direct comparability between open landscape and forest, VTERM and HAC were defined using the same values for both vegetation types. Using HAC instead of the height of seed release above ground implies that seeds of species with identical traits have identical falling heights (as the simulation only addresses dispersal above the canopy). A HAC of 0.4 m stands for example for a herb from open landscapes overtopping low vegetation cover with 0.4 m as well as for a tree overtopping the forest canopy with that height. In consequence, the results for different vegetation types are directly comparable, as the simulations refer to homogeneous landscapes, which are completely covered by the respective vegetation type.
Simulation of dispersal kernels in different environments
The most important meteorological parameter affecting seed dispersal is the course of the wind vector (wind direction, vertical and horizontal wind speed) and its fluctuations, i.e. turbulence. PAPPUS uses high-frequency measurements of the wind vector with ultrasonic anemometers to simulate the course of the wind vector. The measurements of the wind vector incorporated in our simulations address two vegetation types (open landscape and spruce forest). The measurements originate from the years 2005 and 2006 and were taken by Gru¨nwald and Bernhofer (2007) , Lehner (2008) and Prescher et al. (2010) . All measured data were processed to a temporal resolution of 10 Hz. In each vegetation type, measurements were performed on two different sites (open landscape: site 1, 2 and forest: site 3, 4). For each site, the original wind data was standardised to an equal height above the vegetation cover using the logarithmic windprofile (see also Tackenberg 2003) . Further parameters of the turbulence measurements are provided in Table S1 in the electronic supplementary material (ESM).
For each species, vegetation type, and site we calculated 200 trajectories for each hour of the day with randomly chosen starting times within the hour. Subsequently, we aggregated these data into weekly dispersal kernels that build the basis for the further analyses. Each weekly kernel consists of 30,000 trajectories which were randomly chosen from all trajectories that were available for the respective week. The simulations refer to landscapes that are flat and completely covered by the respective vegetation type.
Two meteorological parameters were calculated for each hour and week in order to reveal the relationship between wind speed, vertical turbulence, and LDD by wind. First, we calculated WIND as the mean horizontal wind speed in 0.4 m height above the canopy. Second, we calculated TURB in that height as the proportion of LDD relevant updrafts. TURB is a measure of the intensity of vertical turbulence and is calculated as the proportion of time, during which updrafts of a vertical wind speed that is greater than the VTERM of the respective species occur (Tackenberg 2003) . The timeperiod for which the vertical wind speed is averaged is 100 m divided by the mean horizontal wind speed. Hence, updrafts of that strength and duration are capable of prolonging the flight of a seed to reach a distance of 100 m without losing altitude in relation to the initial release height. TURB has already been used to assess the relevance of updrafts (Tackenberg et al. 2003b) .
Migration rates as a measure of LDD
In order to generate a measure of LDD, we calculated migration rates following the approach presented by Clark et al. (2001) . Unlike many other commonly applied measures of LDD, the calculated migration rates do not refer to a pre-determined dispersal distance (see also the discussion section). In fact, the migration rates are highly sensitive to the rare long-distance dispersal events of the species (i.e. the tail of the species' dispersal kernel). Migration rates (in m year
À1
) were calculated from the weekly dispersal kernels as the expected value of the maximum of a random sample of the size of the number of offspring at seed release (R 0 ), divided by the generation time (T, see also Higgins et al. 2003 ). R 0 was set 100 and T to 1.
Data analysis
To test whether the calculated migration rates can generally be used as a measure of LDD, we tested the strength of relationship between migration rates and an alternative measure of LDD. Therefore, we exemplarily calculated the Spearman correlation coefficient q between the proportion of seeds exceeding 100 m reference distance (further referred to as 'alternative measure of LDD') and the calculated migration rates. In order to simplify our argument, we will mostly refer to LDD rather than to migration rates in the following.
The availability of wind data varied between vegetation types, sites, and years (for weekly values of TURB and WIND of the four sites and both years see Table S2 in the ESM). Thus, we generated customized datasets based on the same periods. These subsets were compiled in respect of sample size and comprised weeks from the whole year. This subsetting ensures that the comparison between vegetation types is not biased by the consideration of different periods of the year with different weather conditions.
The effect of vegetation types, sites, VTERM and HAC on LDD was analysed using 17 identical weeks from the year 2006 (dataset 1, see Table S2 Statistical analyses were done using generalised linear models (GLM) of the gamma error distribution family.
First, we analysed the effect of vegetation type with a GLM containing the variables vegetation type (explanatory variable) and LDD (dependent variable). Subsequently, we studied the effects of sites, VTERM and HAC on LDD with separate GLMs for each vegetation type. To analyse the between-year effect on LDD, four separate GLMs (one model for each site) were set up containing VTERM and year as explanatory variables. In order to analyse the between-year effect on LDD for each species separately, here VTERM was treated as a factor.
Models were simplified using backward selection of the non-significant variables until the final minimal adequate model contained only significant terms (p < 0.05) and a minimal Akaike Information Criterion (AIC) was obtained (Crawley 2007) .
To analyse the effect of WIND and TURB on LDD and to detect differences between species and vegetation types, we calculated Spearman correlation coefficients q between these parameters and LDD separately for each VTERM (HAC = 0.4 m) and vegetation type.
All statistical analyses were performed with R 2.14.1 (R Core Team 2012).
Results
Migration rates as a measure of LDD
The analysis of the relationship between calculated migration rates and the alternative measure of LDD showed that both are highly correlated (Spearman's q = 0.965; p < 0.001).
Vegetation types and sites
We found significantly higher LDD in forest sites than in open landscape sites (p < 0.001, Table 1 ; Fig. 1 ). In forest sites, mean TURB was about 24 times higher and mean WIND about 30 % higher than in open landscape sites ( Table 2) .
The effect of site on LDD was significant in both vegetation types. Between forest sites absolute differences in median migration rates were bigger than between open landscape sites (Fig. 1) , whereby relative differences in LDD between sites were greater in open landscape sites than in forest sites. In open landscape sites, we found 60 % greater median migration rates in site 1 than in site 2 while in forest sites we found 38 % greater median migration rates in site 4 than in site 3. Similarly, relative between-site differences in TURB and WIND (Table 2) were greater between the open (Fig. 2) .
Between-year variability of LDD and interaction with VTERM A significant between-year effect on LDD was only found in forest sites (Table 3 ; Fig. 2b ). Absolute between-year differences in LDD increased with decreasing VTERM and were biggest for species with VTERM = 0.1 m s À1 and smallest for species with VTERM = 3.2 m s À1 (difference in median migration rates: 1501.8 and 0.4 m year À1 , respectively). The between-year effect on LDD was different between both forest sites: In forest site 3 the between-year effect on LDD was generally significant (Table 3 ). In contrast, in the forest site 4 the between-year effect on LDD was only significant for species with intermediate and high VTERM (1.6 and 3.2 m s À1 ) although for these species absolute differences in median migration rates were only about a few decimetres per year.
Relative between-year differences in TURB were greater in forest site 3 (21.6 %) than in site 4 (0.6 %), whereas between-year differences in WIND were greater in site 4 (4.6 %) than in site 3 (0.5 %; see also Table 2 ).
In open landscape sites, absolute between-year differences in LDD were only high for species with VTERM = 0. The effect of the meteorological parameters WIND and TURB The effect of WIND and TURB on LDD differed between vegetation types (Table 4 ; Fig. 3) . In forest sites, TURB was positively correlated to LDD for species with VTERM ‡ 0.8 m s À1 and the effect of WIND on LDD changed from positive (VTERM = 3.2 m s À1 ) to negative (VTERM £ 0.4 m s À1 ). In open landscape sites, LDD was positively related to TURB for species with VTERM £ 1.6 m s À1 and WIND was positively correlated to LDD for species with VTERM ‡ 0.8 m s
À1
.
Discussion
Plant spread is mainly driven by rare LDD events (Cain et al. 2000; Nathan 2006 ). Many studies addressing LDD define it either via absolute dispersal distances (for dispersal of aquatic invertebrates by birds e.g. Green and Figuerola 2005) , a percentile of dispersal distances (e.g. the 99th percentile of dispersal distances, Soons and Ozinga 2005) or the proportion of dispersal events exceeding a pre-determined reference distance (e.g. Tackenberg 2003 ). To generate a measure of LDD, we calculated migration rates which are highly sensitive to rare long-distance dispersal events. For instance, migration rates of species with high VTERM may be much lower than migration rates of species with low VTERM. However, these low migration rates represent the longest dispersal events for these species. Hence, these low migration rates are likely to be ecologically relevant, even if they are lower than pre-determined dispersal distances (as commonly used for other measures of LDD). In addition, we exemplarily showed that the migration rates are closely related to an alternative measure of LDD that refers to a pre-determined dispersal distance of 100 m. Thus, we assume that migration rates can be used as a general measure of LDD and refer to the term LDD rather than to migration rates in order to keep the discussion general and simple. However, for addressing specific questions, concerning e.g. LDD in heavily fragmented landscapes, measures of LDD which for example refer to a particular dispersal distance may be more suitable.
Meteorological conditions: the effect of TURB and WIND Wind can be a very effective dispersal vector, but only if the duration of the flight of a seed is prolonged by turbulence or updrafts above the vegetation cover (Nathan et al. 2002) . Above the vegetation cover, open landscapes and forests generally differ with respect to the surface roughness. Over any surface, the surface drag generates vertical gradients in horizontal wind velocity and sheer-driven eddies. Above the forest canopy, where surface roughness often is higher, the surface drag is stronger and generates more shear-driven turbulence than e.g. above the vegetation cover of open landscapes (Stull 1988; Finnigan and Kaimal 1994) . Everywhere where the sun is providing energy to the surface, thermally driven buoyant eddies are generated by heat fluxes with warmer and lighter air near the surface (Stull 1988; Finnigan and Kaimal 1994) . Heat fluxes may be weaker above forests than above open landscapes, as more of the solar energy is likely to be converted into fluxes of water vapour. Thus, above open landscapes surface characteristics enhancing the generation of vertical turbulence can be suggested to be more often found than above forest canopies (Stull 1988) . Thermally driven Above most open landscapes, we suggest that more thermally driven buoyant eddies, providing lift for longer periods, are generated. By contrast, above forest canopies we suggest high wind speeds tend to produce strong, but more intermittent, shear driven turbulence (Finnigan and Kaimal 1994) . We found both TURB and WIND to be related to LDD in both vegetation types. In both vegetation types the strength of the predominantly positive relationship between WIND and LDD generally increased with VTERM. Interestingly, even WIND showed a negative effect on LDD of tree species with VTERM £ 0.4 m s À1 . This negative effect of WIND on LDD of tree species with low VTERM could possibly be explained by the tendency of shear-driven turbulence above the canopy becoming more intermittent when wind velocity is increasing. Although shear-driven turbulence generated by strong winds can be strong, its intermittency probably makes it less effective for LDD by wind. Furthermore, species interactions with TURB differed considerably between vegetation types. In forest sites, the strength of the positive relationship between TURB and LDD generally increased with VTERM and was significant for species VTERM ‡ 0.8 m s À1 . For tree species with morphological adaptations to dispersal by wind (e.g. species with winged seeds like Pinus nigra (VTERM = 0.81 m s À1 ) and Fraxinus excelsior (VTERM = 1.58 m s À1 ) we suggest that TURB plays an important role for LDD. For tree species with high VTERM (e.g. Alnus glutinosa with VTERM = 2.77 m s À1 ) we found both WIND and TURB to have a significant effect on LDD although it yields in only small dispersal distances and may thus not be ecologically relevant at all. Between-year differences were only significant when the variable 'year' or its interaction with seed terminal velocity (VTERM) showed a significant effect on migration rates Different symbols indicate significant levels with *** p < 0.001, ** p < 0.01 and * p < 0.05 (Table 4 ). The plots show 182 and 198 migration rates and corresponding meteorological parameters for open landscape and forest, respectively. Migration rate and TURB are shown on a logscaled axis Table 4 Correlations between migration rates and both studied meteorological parameters TURB (the proportion of updrafts relevant for long-distance seed dispersal as described in Tackenberg et al. 2003b) Our results from open landscape sites suggest that the strength of the positive relationship between TURB and LDD generally decreases with VTERM. Thus, we propose updrafts to play a predominant role for LDD of open landscape species with low and intermediate VTERM which is in strong accordance with previous findings made by Tackenberg et al. (2003b) and was also empirically observed (Tackenberg 2003 , see also ''Modelling wind dispersal using PAPPUS'').
For species with higher VTERM, LDD was stronger affected by WIND than by TURB in both vegetation types. This particular role of WIND could possibly explained by the tendency of shear driven turbulence being stronger (even though more intermittent) than thermally driven turbulence.
Differences between vegetation types and sites
Our results show that LDD was significantly greater above the canopy of the forest sites than above the open landscape sites. Especially in fragmented landscapes, open landscapes are typically surrounded by aboveground barriers like e.g. forests, hedges or shrubs. Such aboveground barriers are supposed to decrease LDD by decreasing wind speed . By contrast, forests hardly exhibit higher aboveground barriers decreasing wind speed above their canopy (Stull 1988) . Hence, lower LDD above the open landscape sites may be due to aboveground barriers surrounding them. By analysing plant communities in The Netherlands, Ozinga et al. (2004) showed a clear positive relationship between increasing openness of the vegetation and the potential of species' LDD by wind.
Our results indicate that somewhat greater relative differences in LDD between open landscape sites than between forest sites may be explained by greater relative between-site differences in TURB and WIND in open landscape sites than in forest sites. However, as the analysis of the between-site effect was performed only for two sites, the obtained differences between sites cannot be referred to particular site characteristics and should not be generalized from our study.
The effect of the species traits VTERM and HAC Our result of the significant importance of VTERM on LDD by wind is supported by early findings of Green (1980) and subsequent studies (Tackenberg et al. 2003a; Wright et al. 2008 ). The effect of HAC was not significant in forest sites, but in open landscape sites. Hence, tall species from open landscapes like e.g. Typha latifolia (VTERM = 0.11 m s À1 , all VTERM data mentioned in the following retrieved from Hintze et al. 2013 ) have a considerably higher probability to exhibit LDD by wind than low-growing species with similar VTERM as e.g. Tussilago farfara (VTERM = 0.17 m s À1 ).
However, HAC must be interpreted differentially when comparing herbs and forest trees: It seems rather unrealistic that a variability of 1.5 m in HAC occurs within one small growing herb-species (much less within individuals), while such variability can easily be observed within single tree individuals. From an evolutionary point of view it would therefore be interesting to investigate, whether lowering VTERM or increasing HAC is a more successful evolutionary process of plant species in response to selection on LDD. In a simulation study regarding wind dispersal in grasslands species Soons et al. (2004) found a greater effect of release height on LDD in comparison to VTERM when considering the magnitude of observed within-species variability of these traits.
For open landscape species with intermediate and high VTERM as well as for forest species with high VTERM wind dispersal yielded in only very low dispersal rates. Hence, we suggest that for these species other vectors than wind play a bigger role for seed dispersal.
Between-year variability
Regarding forest sites, our results indicate that betweenyear differences in LDD are significant. The betweenyear effect was generally significant in site 3. By contrast, in site 4 only species with intermediate and high VTERM (e.g. Fraxinus excelsior and Alnus glutinosa exhibiting a VTERM of 1.58 and 2.77 m s À1 , respectively) showed a significant between-year effect on LDD (Table 3) . Despite the significance of the between-year effect in site 4, its ecological relevance is very likely to be only minor as the absolute between-year differences in LDD were less than few meters only. In agreement with our findings for forest site 3, considerable between-year variability was also found in low VTERM and wind dispersed Betula alleghaniensis and Pinus halepensis (Houle 1998; Nathan et al. 2000, respectively) . For species with intermediate VTERM, Gomez-Aparicio et al. (2007) found no considerable between-year variability in Mediterranean Acer opalus (VTERM = 1.04 m s À1 , unpublished data). In open landscape sites, the between-year differences of LDD were relatively small for most species (except for species with VTERM = 0.1 m s À1 , Fig. 2a) and not significant. Our results from forest sites suggest that site-specific characteristics seem to play an important role for between-year variability in LDD. This finding is probably due to site-specific differences in frequency and magnitude of meteorological conditions favouring uplift of seeds. Shear-induced uplifting of tree seeds is known to be influenced by the density of the canopy and vegetation cover which is likely to differ between the forest sites analysed in this study. In fact, for the forest sites, the observed site-specific betweenyear differences in LDD might be explained by betweenyear differences in the occurrence and strength of meteorological parameters: between-year differences in TURB were greater in forest site 3, whereas betweenyear differences in WIND were greater in site 4. This pattern tentatively indicates, that the general betweenvariability in LDD for site 3 may be explained by considerable between-year variability in TURB. By contrast, the pronounced variability of LDD for species with VTERM ‡ 1.6 m s À1 in site 4 could be due to greater between-year differences in WIND. Kuparinen et al. (2009) found biggest differences in LDD for species with low VTERM. Likewise, our results show that absolute between-year differences in LDD in both vegetation types were biggest for species with low VTERM. Hence, the variability at the betweenyear time scale is likely to affect spread rates of species with low VTERM to a greater extent than spread rates of species with high VTERM.
Although we put considerable effort in collecting wind data from different years and different sites, the merged datasets allowed conducting a reliable betweenyear analysis for the years 2005 and 2006, only. Consequently, the results from the between-year analysis should not be generalized.
Conclusions and outlook
To conclude, we found that LDD was higher in forests than in open landscapes. Forests also showed greater between-year variability in LDD. In both vegetation types, VTERM had an effect on LDD, while the effect of HAC was significant only in the open landscape. Our results show considerable differences in how TURB and WIND affected LDD between species and vegetation types. Until now, such differences-if recognized at all-have often been attributed to differences in model performance. However, to further elaborate the role of the considered parameters, and their variability and interaction on LDD by wind, additional studies comprising even data sets from further study sites and larger temporal scales (e.g. decades of environmental data) seem vitally important. As the availability of wind shows a considerable within-year variation, the effects of TURB and WIND on LDD are likely to differ in the course of the year. By focussing our analysis on the same periods of the year we prevented comprising biased data with respect to within-year variability of TURB and WIND. In our study, seed abscission was not addressed. Seed abscission can follow a seasonal pattern and positively affect LDD when it preferably occurs during periods of prolonged updrafts (Maurer et al. 2013) . Likewise, seed abscission during high wind speed events was shown to positively affect LDD (Pazos et al. 2013) and thereby decreasing differences in LDD between low and high wind speed environments. Due to the exclusion of seed abscission, our results could partially underestimate LDD, particularly in the open landscape (as a low wind speed environment). For future studies, the effect of the phenology of dispersal on LDD should be analysed in detail promising deeper understanding of its role for species' LDD. For example, LDD of forest species dispersing in summer time (e.g. Ulmus laevis) vs. LDD of forest species dispersing in winter time (e.g. Acer platanoides) is likely to be differentially affected by meteorological parameters, even if VTERM of the species is quite similar.
